The choice of the metal ion M and the terminal Y and donor X chalcogen species (M = Ni, Pt; and X, Y = S, Se) in square-planar complexes deriving from 1,3-dimethyl-2-chalcogenoxo-imidazoline-4,5-dichalcogenolates allows fine-tuning of both the redox stability and the energy of the particularly intense NIR electrochromic absorption, thanks to the subtle contribution of M, X, and Y to the relevant frontier molecular orbitals, investigated at the IEF-PCM DFT and TD-DFT level.
During the past few decades, the scientific community has been increasingly interested in bis(1,2-dithiolene) metal complexes, [1] [2] [3] largely because of their numerous fields of applications, ranging from optics, 2,4-7 to laser Q-switching and mode-locking, 5, 8, 9 and conductivity, [10] [11] [12] [13] and due to their role in biochemistry. [14] [15] [16] [17] A high degree of p-electron delocalization involves both the organic framework and the metal center, conferring d 8 metal ion bis(1,2-dithiolene) complexes specific molecular properties, such as planarity and the ability to carry a molecular charge 18 that can vary reversibly between À2 and +2, also assuming fractional values in non-integral oxidation state (NIOS) salts. 13 In this context, some of the authors have reported the class of bis (1,2- Table 1 ). The ligands were generated in situ from the corresponding 1,3-dimethyl-2-chalcogenoxoimidazol-4,5-dichalcogenato precursors (pathway ii in Scheme 1), in turn obtained by the reaction of 1,3-dimethyl-2-chalcogenoxoimidazole with LDA followed by the desired chalcogen X (reaction i in Scheme 1). 33, 34 Since in solution, even in the absence of air and light, a spontaneous degradation was clearly detectable using NIR spectroscopy, no electrochemical measurements could be carried out. NIR absorption spectroscopy in CH 2 Cl 2 solution showed that the crude reaction products contain a mixture of the monoanionic and neutral complexes (absorbing in the range of 988-1097 and 1363-1438 nm, respectively), in ratios depending on the nature of the donor and terminal chalcogen atomic species. The absorption wavelength displayed by the neutral species was successfully measured by recording the UV-Vis-NIR spectrum of CH 2 Cl 2 solutions after quantitative diiodine oxidation (reaction iv in Scheme 1; Fig. 1 A g ground state (GS) ¶ are p and p*-in-nature molecular orbitals, respectively, involving mainly the np z atomic orbitals (AOs) of the four chalcogen donor atoms X and four carbon atoms of the 1,2-dichalcogenolene system, along with the np z AOs of the terminal chalcogen atoms Y (the symmetry labels refer to the molecule belonging to the D 2h point group and lying on the xy plane; n = 2, 3, and 4 for C, S, and Se, respectively). The central metal ion AOs are not involved in the KS-HOMO (0-2%), and only marginally in the KS-LUMO, with contributions that increase upon passing from Ni (4-5%) to Pt (8%) complexes (Table S14 in the ESI †). The contribution of atoms X to KS-HOMO and KS-LUMO is The absorption band of the monoanion was not found in the NIR spectrum of the reaction product.
c Diiodine oxidation did not succeed in generating the relevant neutral species. independent of the nature of the chalcogen (about 6% and 12%, respectively, for each atom), while the contribution of the terminal atoms Y is larger when Y = Se (up to 21%) as compared to Y = S. Therefore, the replacement of S with Se results in a slight but progressive stabilization of KS-HOMO and to a lesser extent LUMO upon passing from 1 to 8 (Table S13 and Fig. S8 in the ESI †), in agreement with the increase of stability of the monoanionic species observed along the series (Fig. S9 in the ESI †) . In the monoanionic species ( 2 B 2g GS), the extra a-electron occupies the ligand centered b 2g p*-MO (Fig. S10 for 1 and 1 À , ESI †), thus decreasing the C-X bond orders and increasing those of C-C bonds, as testified by the structural and calculated metric parameter data (Tables S11 and  S15 in the ESI †), while not affecting the oxidation state of the metal center, whose electron population was calculated at the NBO level to vary by less than 0.05 |e| upon passing from the neutral to monoanionic species. According to TD-DFT calculations, the peculiar intense spin-allowed NIR transition ( (Table S14 , ESI †) clearly shows that the stabilization of the KS-HOMO in monoanions is due to the increasing participation of the np z AOs of the terminal Y chalcogen species. According to TD-DFT calculations and based on experimental widths at half heights, all neutral species show very large molar extinction coefficients e (the largest being calculated for 6), while monoanions feature e values that are about 40% of those calculated for the corresponding neutral species (Table S17 , ESI †).
Since electrochemical measurements could not be recorded, one-electron absolute reduction potentials at 298 K were calculated from DFT thermochemical data and the corresponding values referred to the F c + /F c couple in CH 2 Cl 2 solution (E 298K 1/2 ) were evaluated by adopting a corrected scaling scheme (Table 1 and  Table S18 in the ESI †). 36, 37 Although the calculated E 298K 1/2 values should be considered as mere estimates, nonetheless they show that the stability of the neutral species with respect to monoanions depends on the interplay of the central metal ions and the X/Y chalcogen species. In general, Pt complexes show reduction potentials more negative than those of the corresponding Ni species, while the E 298K 1/2 values tend to become less negative upon increasing the content of selenium in the complexes, confirming the more oxidizing nature of 1,2-diselenolene as compared to 1,2-dithiolene analogues for different bis(1,2-dichalcogenolene) Ni, Pd, and Pt complexes. 38 As a consequence, the species showing the most negative reduction potential is 2, while the least negative values were calculated for 7 and 8, in perfect agreement with the experimental NIR absorption spectra recorded on the products of the syntheses, which only showed the absorption band characteristic of the neutral species for 2, and those peculiar to monoanions for 7 and 8 (Table 1 ).
In conclusion, the first examples of the Ni and Pt members of three new families of bis(1,2-dichalcogenolene) complexes have been prepared and their electronic features have been investigated by means of a combined spectroscopic and theoretical investigation. Both the ability of these complexes to reversibly carry different charges and the characteristic electrochromic absorption in the NIR region are related to the composition of the nature of the frontier molecular orbitals. In particular, the minor contributions from the nd atomic orbitals of the metal ions to the LUMO differentiate systematically the complexes of the two metals, while selenium replacing sulfur induces a stabilization of the HOMO of the monoanions 1 Notes and references ‡ NIR spectra were recorded on CHCl 3 , MeCN, THF, and DMF solutions (Table S2 in the ESI †), showing only modest variations for the explored solvents with the only exception of MeCN, whose solutions sport a systematic hypsochromic shift Dl solv in the NIR absorption of both neutral and monoanionic species (Dl solv in the range of 10-30 and 10-60 nm for neutral and monoanionic species, respectively, as compared to CH 2 Cl 2 absorption wavelengths). IEF-PCM TD-DFT calculations (Table S16 , ESI †) confirm the systematic redshift of the NIR absorption in MeCN solution.
§ The crystal structure of 9, isostructural with [Pd(Et 2 timdt) 2 ], 39 adopts an idealized C 2h symmetry, and shows the metal ion in a crystallographic inversion center with a square-planar coordination. Discrete molecular units, planar but for the ethyl substituents, are stacked along the b direction (Fig. S6 in the ESI †), each metal ion being ''sandwiched'' between pairs of imidazolidine rings of parallel adjacent molecules. The stacks feature very weak S3Á Á ÁS3e and S3Á Á ÁS3f contacts between the terminal chalcogen atoms (3.592 Å; e = 5/2 À x, À1/2 + y, 1/2 À z; f = 5/2 À x, 1/2 + y, 1/2 À z; Table S11 in the ESI †). ¶ Neutral bis(1,2-dithiolene) complexes ML 2 have been reported to have a remarkable single diradical contribution [M(L) 2 ] to the GS. 40, 41 Therefore, the stability of the DFT wavefunctions was investigated for complexes [M(Me 2 timdt) 2 ], revealing a restricted/unrestricted instability for neutral species, the energy difference between the closed shell singlet and the diradical singlet GS configurations being 1747 and 1168 cm À1 for 1 and 2, respectively. A broken-symmetry optimization of the wavefunction allowed modeling the singlet diradical description for 1-8. Within this approach the NIR absorption assumes a ligand-toligand charge transfer (LLCT) character (Fig. S11 in the ESI †) . This notwithstanding, when adopting the optimized wavefunction for geometry optimizations, a decrease in the agreement between calculated and structural metric parameters and an overestimation of NIR absorption energies were found (M-S = 2.193 and 2.221 Å for 1; 2.307 and 2.326 Å for 2 within a restricted and diradical approach, respectively; NIR excitation energy 1.372 and 1.527 eV for 1; 1.389 and 1.478 eV for 2 within a restricted and diradical approach, respectively), even when solvation was taken into account (excitation energy for the diradical of 1 in CH 2 Cl 2 1.462 eV). This suggested that the contribution of the diradical singlet configuration to the GS for the complexes deriving from 2-chalcogenoxo-1,3-imidazoline-4,5-dichalcogenolato ligands might be minor. Therefore, the restricted approach was preferred in this work for neutral complexes 1-8, which eventually led to correct bond distances and no negative excitation energies.
